Objective: In hyperandrogenic women, hyperinsulinaemia amplifies 17a-hydroxycorticosteroid intermediate response to ACTH, without alterations in serum cortisol or androgen response to stimulation. The aim of the study is to assess whether acute hyperinsulinaemia determines absolute changes in either basal or ACTH-stimulated adrenal steroidogenesis in these subjects. Design and methods: Twelve young hyperandrogenic women were submitted in two separate days to an 8 h hyperinsulinaemic (80 mU/m 2 !min) euglycaemic clamp, and to an 8 h saline infusion. In the second half of both the protocols, a 4 h ACTH infusion (62.5 mg/h) was carried out. Serum cortisol, progesterone, 17a-hydroxyprogesterone (17-OHP), 17a-hydroxypregnenolone (17-OHPREG), DHEA and androstenedione were measured at basal level and during the protocols. Absolute adrenal hormone secretion was quantified by measuring C19 and C21 steroid metabolites in urine collected after the first 4 h of insulin or saline infusion, and subsequently after 4 h of concurrent ACTH infusion. Results: During insulin infusion, ACTH-stimulated 17-OHPREG and 17-OHP were significantly higher than during saline infusion. No significant differences in cortisol and androgens response to ACTH were found between the protocols. Nevertheless, urinary excretion of ACTH-stimulated C19 and C21 steroid metabolites was significantly higher during hyperinsulinaemia than at basal insulin levels (both P!0.005). Changes in steroid metabolites molar ratios suggested stimulation by insulin of 5a-reductase activity. Conclusions: These in vivo data support the hypothesis that insulin acutely enhances ACTH effects on both the androgen and glucocorticoid pathways.
Introduction
Although it is well known that hyperandrogenism is associated with hyperinsulinaemia, the mechanisms underlying this association remain largely unclear. In vitro studies have shown that insulin enhances the stimulatory effect of LH on androgen synthesis in the ovary (1). However, very few studies have explored the hypothesis that insulin could modulate adrenal steroidogenesis as well. This possibility is indirectly supported by the finding that in women with polycystic ovary syndrome (PCOS) there is often an increase in both ovarian and adrenal serum androgens (2) and by the different response of adrenal steroids to ACTH stimulation reported in hyperinsulinaemic versus normoinsulinaemic hyperandrogenic women (3) .
Some in vitro studies have shown that insulin enhances basal and ACTH-stimulated steroidogenesis in human adrenocortical cells and induces the mRNA of steroidogenic enzymes in these cells (4) . Furthermore, a reduction in adrenal androgens was observed in PCOS women treated with some drugs lowering plasma insulin, by interfering with insulin secretion or insulin sensitivity, such as somatostatin (5) or glitazones (6) . However, this effect was not reported during treatment with diazoxide (7) or metformin (8) . In addition, increased 17-hydroxycorticosteroid intermediate/ androgen ratios were reported during acute hyperinsulinaemia in healthy males, suggesting an inhibitory effect of insulin on 17,20-lyase activity (9) .
We previously found that during a 3 h insulin infusion, 17a-hydroxyprogesterone (17-OHP) and 17a-hydroxypregnenolone (17-OHPREG) responses to ACTH stimulation were enhanced in hyperandrogenic women, whereas serum androgen response was unaffected (10) . Interestingly, these data in the adrenals mirror those observed after GNRH-agonist stimulation of the pituitaryovarian axis in hyperinsulinaemic PCOS women (2) .
As a whole, these findings suggest that insulin could exert similar regulatory effects on adrenal and ovarian steroidogenesis, determining a relative impairment of 17,20-lyase activity in respect to 17a-hydroxylase activity during stimulation with ACTH or LH respectively. However, it still remains unclear what functional consequences this action might have. In particular, we do not know whether hormonal alterations observed during acute hyperinsulinaemia are associated with relative or absolute changes in adrenal steroidogenesis.
In this study, we have assessed the effects of hyperinsulinaemia, obtained by an 8 h glucose clamp, on the androgen and glucocorticoid hormones production. This was estimated by measuring steroid metabolites excretion in fractionated urine samples, collected before and during ACTH stimulation.
Materials and methods

Subjects
Twelve young women, referred to the outpatient clinic of the Division of Endocrinology and Metabolism of the Verona Hospital -a tertiary care academic centre -for hyperandrogenic oligoamenorrhoea and/or hirsutism, were included in the study. According to the Rotterdam criteria (11) nine of these subjects had polycystic ovary syndrome (eight with the classic phenotype and one with the ovulatory phenotype). The remaining three subjects had idiopathic hirsutism. Late onset adrenal hyperplasia, Cushing's syndrome, thyroid dysfunction and hyperprolactinaemia were ruled out in all subjects. None of them suffered from any other diseases or were taking medications potentially interfering with the evaluation of the study.
The main characteristics of the subjects are reported in Table 1 . Ten patients had normal glucose tolerance and two, both with PCOS, had impaired glucose tolerance.
All participants gave their informed consent to the study, which was approved by our institutional ethical committee and conducted according to the Helsinki Declarations. Figure 1 shows the study protocol. To evaluate the in vivo effects of insulin on adrenal steroidogenesis all subjects were studied on two occasions, at basal and high insulin levels respectively. In these studies, saline or insulin infusion was carried out for 8 h. During the insulin infusion protocol, plasma glucose was maintained at the basal levels by appropriately adjusting a concurrent i.v. glucose infusion, according to the euglycaemic hyperinsulinaemic clamp technique, as previously described (12) . In this study, an insulin infusion rate of 80 mU/m 2 !min was chosen to reach serum insulin concentrations similar to those found in insulin-resistant subjects.
Study design
After the first 4 h of insulin or saline infusion, a concurrent i.v. infusion of ACTH-(1-24) (Synacthen, Ciba-Geigy, Basel, Switzerland) was started and maintained at 62.5 mg/h for the remaining 4 h to obtain a prolonged maximal stimulation of the adrenal steroidogenesis.
Blood samples were obtained at baseline and subsequently every 2 h till the end of the studies. In each study, fractionated urine collections were also obtained during the first 4 h period -in which insulin or saline alone was infused -and during the subsequent 4 h period -in which ACTH was also infused -to assess the whole adrenal hormone production through the gas chromatographic assays of C19 and C21 steroid metabolites.
All tests were performed at fasting in the morning. In non-amenorrhoeic subjects, the studies were carried out in the early follicular phase of the menstrual cycle. In each subject, the two tests were carried out with an interval of at least 3 days.
Serum samples were evaluated for insulin, cortisol, and intermediate metabolites of D4 (progesterone, 17-OHP, androstenedione) and D5 (17-OHPREG, DHEA) steroidogenic pathways. On each urine sample, the following were assayed: androsterone (A), etiocholanolone (E), 11-oxo-androsterone (11-oxoA), 11-oxo-etiocholanolone (11-oxoE), 11-hydroxyandrosterone (11-OHA), 11-hydroxyetiocholanolone (11-OHE), DHEA, tetrahydrocortisone (THE), tetrahydrocortisol (THF), allo-tetrahydrocortisol (aTHF), tetrahydrocorticosterone (THB), allo-tetrahydrocorticosterone (aTHB), tetrahydrodehydrocorticosterone (THA), a-and b-cortolone, a-and b-cortol.
Supplementary Figure 1 (see section on supplementary data given at the end of this article) shows the metabolic pathways concerning these metabolites.
Assays
Plasma glucose was measured by the glucose-oxidase method (Beckman Instruments, Inc., Palo Alto, CA, USA). Insulin was assayed with an immunoradiometric method (Medgenix Diagnostics SA, Fieurus, Belgium). DHEAS was measured by double antibodies RIA (RADIM, Pomezia, Rome, Italy). Progesterone and cortisol were evaluated with immunoenzymatic methods, using an ES analyzer (Boheringer Mannheim) and a kit by Abbott Laboratories respectively. Androstenedione and 17-OHP were measured by RIA methods (DSL, Webster, TX, USA; DPC, Los Angles, CA, USA); 17-OHPREG and DHEA were determined with an RIA method after ether extraction and celite microcolumn chromatography (BDH analytical Filter AID, BDH, Poole, UK), as previously described (13) . All measurements were carried out in duplicate, and all samples from each subject were measured in the same assay. The intra-assay coefficients of variation (CV) were !6.5% for all determinations.
Urinary steroid metabolites were measured by Schmidt's method (14) , based on anion exchange chromatographic separation, purification on diethylaminoethyl-Sephadex A-25 microcolumns and final analysis of the individual steroids by capillary column gas-liquid chromatography (HPLC). Inter-and intraassay CV ranged 3-10 and 3-8% respectively, for the single metabolites evaluated. In the urine samples, creatinine was determined by a colourimetric method (Integra 700 Analyzer, Roche Diagnostics). Urinary steroid metabolites measurements were corrected for the corresponding creatinine concentrations and were expressed as mg/mg creatinine!100.
Calculations
To estimate the apparent activities of the main enzymes of androgen synthesis, several molar ratios between precursors and products were calculated in serum samples. In particular, 17-OHPREG/DHEA and 17-OHP/androstenedione molar ratios were calculated as indexes of 17,20-lyase activity; 17-OHPREG/17-OHP and DHEA/androstenedione ratios were calculated as indexes of 3b-hydroxysteroid dehydrogenase.
In the urinary samples, the sum (THECTHF CaTHFCa-cortolCb-cortolCa-cortoloneCb-cortolone) was calculated to estimate the whole cortisol production, and the sum (ACEC11-oxoAC11-oxoE C11-OHAC11-OHECDHEA) was calculated to estimate the whole androgen production. In addition, the ratios E/A, 11-OHE/11-OHA, THB/aTHB and THF/aTHF were calculated as indexes of 5a-reductase activity, and the ratios (11-oxoEC11-oxoA)/(11-OHEC11-OHA), THE/THFCaTHF, THA/THBCaTHB and (a-Cb-cortolone)/(a-Cb-cortol) were calculated as indexes of 11b-hydroxysteroid dehydrogenase activity (11b-HSD).
Insulin sensitivity was estimated by the insulininduced glucose usage in the clamp studies ('M value'). This figure was calculated both in the customary 90-120 min and in the 120-240 min. The latter, a measure of insulin action when ACTH infusion was started, was used when insulin sensitivity was correlated with steroid responses to stimulation.
Statistical analysis
Student's t-test for paired data and ANOVA for repeated measures were used to compare the data obtained during saline and insulin infusions. Correlations between variables were made using simple regression analysis. Skewed variables were log-transformed before the analyses to ensure normality of data and then back- 
Results
Serum hormones
Serum insulin increased from 17.6G2.9 to 235 G10.1 mU/l (P!0.0001) during the euglycaemic hyperinsulinaemic clamp, while it did not significantly change during the saline infusion (18.7G3.8 vs 12.0 G1.7 mU/l). Plasma glucose during the clamp was similar to the value measured during the saline infusion (89G8 vs 84G4 mg/dl, PZNS). Mean insulin-stimulated glucose usage in the clamp studies (Table 1) indicated that these subjects were insulin resistant. However, individual values ranged widely. In particular, insulin sensitivity ranged from very low to low-normal in the PCOS women (4.7-12.2 mg/kg fat-free mass!min), whereas it was around the lower limit of normal insulin sensitivity in the three subjects with idiopathic hirsutism (10.8-12.4 mg/kg fat-free mass!min).
Basal serum cortisol, progesterone, 17-OHP, 17-OHPREG, androstenedione and DHEA were similar in the the protocols. After 4 h of insulin or saline infusion, before ACTH stimulation, serum concentrations of these hormones did not show statistically significant differences (Supplementary Figure 2 , see section on supplementary data given at the end of this article).
As expected, ACTH stimulation determined a prompt increase in all serum steroids examined. ACTHstimulated levels of cortisol, progesterone, androstenedione and DHEA were again comparable during insulin and saline infusion. However, hyperinsulinaemia was associated with a more marked increase in 17-OHPREG (P!0.001) and 17-OHP (PZ0.02) in comparison to control studies (Supplementary Figure 2) .
Before ACTH stimulation, 17-OHP/androstenedione and 17-OHPREG/DHEA molar ratios, indexes of apparent 17,20-lyase activity, were similar during insulin or saline infusion (Fig. 2) . After ACTH infusion, these ratios were higher during hyperinsulinaemia than at basal insulin levels -although the former did not reach statistical significance -suggesting an apparent inhibition of 17,20-lyase activity by insulin.
No significant difference in molar ratios indexes of 3b-hydroxysteroid dehydrogenase activity was observed between the two protocols, either before or after ACTH stimulation. Similar results were found when all these analyses were carried out in the nine PCOS women only, although minor changes occurred in the statistical significance level (data not shown). Table 2 shows urinary steroid metabolites during insulin or saline infusion, before and after ACTH stimulation. Before the stimulation, these metabolites were not significantly different between the protocols, except for minor differences in THE and 11-OHA, which were higher, and for 11-oxoE, which was lower during insulin infusion than during saline infusion. However, after ACTH stimulation, several urinary metabolites of both androgen and cortisol pathways -androsterone, etiocholanolone, 11-OHE, DHEA, THE, THF, cortoloneshowed a more pronounced increase during hyperinsulinaemia than at baseline insulin levels.
Urinary metabolites
Before ACTH infusion, both the sum of cortisol metabolites and the sum of androgen metabolites were similar during the two protocols. However, during ACTH stimulation, both sums were significantly higher during hyperinsulinaemia than at basal insulin (Fig. 3) . As regards the urinary metabolite ratios, before ACTH the indexes of 5a-reductase and 11b-HSD activity showed no significant difference during insulin and saline infusion. Conversely, during ACTH stimulation, hyperinsulinaemia was associated with a more pronounced reduction in E/A ratio (FZ9.9, PZ0.009), suggesting stimulation by insulin of 5a-reductase activity. No statistically significant difference in the indexes of 11b-HSD activity was observed between the insulin and the saline infusion protocols.
As regards urinary steroids and their ratios, similar data were found when analyses were carried out in the nine PCOS women only (data not shown).
Correlations
No significant correlation was observed between insulin levels and basal or ACTH-stimulated serum or urinary steroids. Similarly, no correlation was found between the insulin-sensitivity measures obtained by the clamp studies and these parameters. However, insulin sensitivity positively correlated with the insulin-induced increase in the 17-OHP/androstenedione ratio (rZ0.67, PZ0.024), thus indicating a negative correlation with the apparent 17,20-lyase activity.
No significant correlation was observed between body mass index and serum or urinary steroids response to insulin, either before or after ACTH stimulation.
The sum of urinary metabolites of cortisol correlated with the sum of urinary metabolites of androgens either during insulin or saline infusion and either before or after ACTH stimulation (rZ0.63-0.86, P!0.03-0.001).
Discussion
This study has confirmed our previous findings that an acute increase in insulin levels is associated with an enhanced response of 17a-hydroxysteroid intermediates to ACTH and that this effect is not associated with significant modifications of serum androgens and cortisol (10) . Consequently, during hyperinsulinaemia, 17-OHP/androstenedione and 17-OHPREG/DHEA molar ratios were higher, suggesting a relative inhibition by insulin of 17,20-lyase activity. Interestingly, consistent with this hypothesis, the extent of differences in the 17-OHP/androstenedione ratio between insulin and saline protocols was significantly correlated with insulin sensitivity. This enzyme is the key regulatory activity of androgen synthesis and in humans it is more active on the D5 pathway, the preferential pathway of adrenal androgen synthesis. This could explain why the effect of insulin was more evident on this pathway.
However, the main novel finding of this study is the more marked increase during hyperinsulinaemia, than at baseline insulin levels, of several urinary steroids, with significantly increased sums of both androgen and cortisol urinary metabolites. These data support the hypothesis that insulin enhances the effects of ACTH on both these pathways.
Based on these data, we can hypothesise that i) insulin is a physiological activator of the adrenal steroidosynthesis both in the androgen and glucocorticoid pathways; ii) concurrent adaptive activation of adrenal hormones metabolism and clearance avoids an increase in serum adrenal hormones. The similar results we observed in the glucocorticoid and adrenal androgens pathways, and the correlation between the increases of cortisol and androgen metabolites in response to ACTH also suggests that hyperinsulinaemia activates the adrenal steroidogenesis at an early stage. However, an alternative explanation is a primary effect of insulin on the metabolic clearance of these hormones, followed by an adaptive increase in hormone production.
There are very few available data to distinguish between these hypotheses. Kerstens et al. (15) reported an increase in urinary free cortisol and cortisone, as well as of urinary metabolites of cortisol, without any changes of plasma cortisol and cortisone, in healthy men submitted to a 24 h low-dose hyperinsulinaemic clamp. Interestingly, no change was observed in insulinresistant type 2 diabetic subjects. In this study, androgens and the interaction between insulin and ACTH stimulation were not assessed. Furthermore, Nestler & Kahwash (16) reported that the metabolic clearance of DHEA increased during insulin infusion in men, but not in healthy women. To the best of our knowledge, these are the only previous studies that have assessed the effects of insulin infusion on urinary excretion of adrenal steroid metabolites. No study has investigated the effects of insulin on the metabolic clearance of adrenal hormones in hyperandrogenic women. Interestingly, Holt et al. (17) showed that in men basal cortisol clearance negatively correlated with glucose clampderived measures of insulin sensitivity, thus suggesting a positive correlation with insulin levels.
Androgen and cortisol catabolism is mainly dependent on the activity of two enzymes, namely, 5a-reductase and 11b-HSD. The former is responsible for conversion of testosterone to dihydrotestosterone (DHT) in androgen-dependent target tissues, and for reduction of cortisol to 5a-dihydrocortisol in the liver; 11b-HSD acts as a reductase, converting cortisone to cortisol, in the liver and adipose tissue (type 1 isoform), whereas it acts as a dehydrogenase, inactivating cortisol to cortisone, in mineralocorticoid target tissues (type 2 isoform).
In this study, we have found a lower E/A ratio during hyperinsulinaemia, suggesting that insulin stimulated 5a-reductase activity. However, we did not observe significant changes in other ratios, which reflect the same enzyme activity. The reasons for these different findings are not easily explained. Notably, similar discrepancies were reported in other studies (18) . In this study, no significant effect of hyperinsulinaemia on 11b-HSD was found.
In the previously described study carried out in healthy males, a mild hyperinsulinaemia, obtained by the glucose clamp, was associated with a significant increase in aTHF/THF ratio (15), suggesting a stimulation of 5a-reductase by insulin. However, unlike our data, increases in urinary THF/THE and plasma cortisol/cortisone ratios were also reported, suggesting that hyperinsulinaemia may also reset 11b-HSD activity towards cortisol synthesis, at least in males.
Previous studies compared these ratios in PCOS and healthy women (19) (20) (21) (22) (23) (24) , although none of them assessed the effects of hyperinsulinaemia on these features. As a whole, these studies suggest an increased activity of 5a-reductase in PCOS women.
Data concerning 11b-HSD activity in these subjects are more controversial. Some authors have reported an increased enzyme activity in PCOS women, as compared to controls (18, 20, 25) . However, these findings were not confirmed by others (19, 22) .
In conclusion, acute hyperinsulinaemia, in a range found in insulin-resistant subjects, enhances in vivo adrenal response to ACTH stimulation, with a concurrent increase in adrenal steroid hormone metabolism. In particular, insulin seems able to stimulate both the androgen and the glucocorticoid pathways, suggesting an effect on the early steps of adrenal steroidosynthesis. The apparent reduction in 17,20-lyase activity could be either a direct effect of insulin or an intrinsic adaptive mechanism, limiting adrenal androgen overproduction. Further research is needed to clarify whether the primitive site of insulin action is at the level of adrenal steroid synthesis or metabolism.
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